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TV1 The message of starlight 


Presenters: Keith Hodgkinson and Alan Cooper 


This programme is about stellar evolution—that is, the birth, 
life, and death of stars—and the ways in which we have 
arrived at our present knowledge and understanding of the 
processes involved. We concentrate, in the programme, on 
three aspects of this particular scientific investigation. These 
may loosely be categorized as: (i) the observations—how 
information about stars is obtained from an analysis of the 
luminosity and colour of their starlight; (ii) classification— 
how the stars can be arranged in terms of their observed 
properties to form a pattern on the Hertzsprung—Russell 
diagram; and (iii) interpretation—how the classification has 
enabled us to build up a picture of the processes taking place 
in stars in such a way that we can now predict how a star like 
our Sun, say, will evolve and eventually die. 


The programme opens by discussing how a large telescope can 
be used to compare the apparent luminosities of stars, so that, 
provided a star’s distance is known, its absolute luminosity 
can be determined. We then argue that different stars can also 
have different ‘colours’. The phenomenon is just about 
discernible with the unaided eye. At this time of the year 
(February), the constellation of Orion is high in the night sky 
(in the northern hemisphere) and provides a good example of 
both a ‘red’ star, Betelgeuse, at the top left of the constellation 
and a ‘blue’ star, Rigel, at the bottom right of the constellation 
(see Figure 1). You should make an effort to observe this 
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Figure 1 The night sky (looking south at about 9 pm) as seen from 
Britain in mid-February. Look for Sirius, the brightest star in the 
sky, and then for the three stars making up Orion’s belt. Can you 
see a colour difference between Betelgeuse and Rigel? Incidentally, 
you may need binoculars to see the Orion nebula. 
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colour difference for yourself (though, remembering what we 
said in the programme about the ineffectiveness of night-time 
vision, you shouldn’t expect this difference to be too dramatic). 


Astronomers obtain a more quantitative measure of these 
different stellar colours by determining the overall spectrum 
of each star. We explain how this is obtained for our nearest 
star—the Sun. We use the telescope at Oxford University’s 
solar observatory to produce a focused image of the Sun’s 
disc at the entrance slit of a grating spectrograph. The sunlight, 
as it diverges away from the slit, is routed via a plane mirror 
onto a concave mirror. This latter mirror renders the beam of 
light approximately parallel (see Figure 2) and at the same 
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time reflects it onto the heart of the spectrograph—the 
diffraction grating. This is a device that deflects light of 
different colours through different angles. Consequently, the 
different component colours of the sunlight’s spectrum are 
spatially separated from each other as they leave the grating. 
A second concave mirror then focuses down these many, 
different coloured, parallel beams, and together with a second 
plane mirror produces a focused spectrum of the sunlight in a 
plane symmetrical with the entrance slit. (Incidentally, the 
spectrum that you saw on your TV screen probably appeared 
to be dominated by the colours red, blue and green. This effect 
is caused by the ‘blended primary colour’ techniques used 
both on colour film and in TV cameras.) 


Normally, the astronomers at Oxford would direct this 
spectrum onto the entrance slit of a second, much larger, 
spectrograph, thus enabling them to spread the solar spectrum 
out sufficiently to examine extremely fine detail in its structure. 
For our purposes in the programme, however, we simply pro- 
jected the initial spectrum onto a photosensitive detector 
connected to the travelling arm of a chart recorder. This 
enabled us to plot out the spectrum’s intensity variations as 
a function of wavelength. The Sun’s spectrum was seen to 
peak in the green at about 500 nm. Similar spectral curves can 
be obtained for other stars. The only difference is that, since 
ordinary starlight is very faint compared with sunlight, the 
apparatus must be enclosed in a light-tight box, and either 
long time exposure photographs taken of the spectra, or very 
sensitive photodetectors used to determine the spectral 
intensity distribution. When this is done, the peak of the 
spectral curve can be used to determine the surface temperature 
of the star. So, for instance, the ‘red’ star Betelgeuse was 
found to have a surface temperature of around 3 500K, and 
the ‘blue’ star, Rigel, a temperature of just under 11 000K. 
These can be compared with our Sun, which has a surface 
temperature close to 6000K. (Stellar core temperatures are, 
of course, very much higher than these values.) 


We then went on to show that when these two stellar par- 
ameters—that is, the surface temperature, and the absolute 
luminosity—are plotted against each other for the ninety 
nearest stars, the vast majority of these stars fall close to a 
line, called the main sequence line (see Figure 3). A diagram, 
or graph, showing these star properties plotted against each 
other in this way is called a Hertzsprung—Russell (or H-R) 
diagram after the two astronomers who first suggested this 
method of classifying stars. We explain this clustering around 
the main sequence line by surmising that these stars all have 
a similar internal structure and composition. A star’s position 
along the line is then determined solely by its mass, and is thus 
a consequence of the conditions prevailing at the time of birth 
of the star. A massive star requires a high pressure at its 
centre to support the mass; a high pressure is generated by a 
high temperature; a high temperature causes a very fast 


Figure 3 A Hertzsprung—Russell diagram for the ninety nearest 
stars. (Absolute luminosity is plotted relative to the Sun’s absolute 
luminosity.) Almost all the stars cluster around the so-called main 
sequence line. 
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Figure 4 Massive stars occur at the top left of the main sequence 
line (i.e. they are both hot and luminous), whereas less massive 
stars occur at the bottom right of the line. On this diagram, the 
masses are expressed in units of the Sun’s mass. 


nuclear reaction rate and hence the production of large 
amounts of energy. Hence, massive stars are hot, and luminous 
(see Figure 4). Incidentally, a point that wasn’t mentioned in 
the TV programme is that when stars are born in clusters, we 
would expect there to be examples of stars of all masses, and 
hence all colours, present. But since the massive blue stars 
are the most luminous, we would also expect the dominant 
colour of the cluster to be blue. However, the massive stars 
also use up their nuclear fuel most rapidly, and thus disappear 
from the Main Sequence soonest. Consequently, the dominant 
colour of the cluster shifts towards the yellow and red parts 
of the spectrum as the cluster ages. You can see this effect 
in the colour plate of the Andromeda Galaxy (Figure 30b of 
the Main Text). The blue colour around the periphery of the 
galaxy indicates relatively young stars, whereas the yellowish 
colour at the centre of the galaxy, we believe, results from a 
predominance of older stars. 


The simple main sequence correlation on the H-R diagram is 
lost once we add the hundred brightest stars to the ninety 
nearest stars (see Figure 5). It is worth remembering, however, 
that once the brightest stars are added to the sample, the 
sample is no longer representative of the typical abundance 
of star types in the Galaxy. Main sequence stars greatly 
outnumber stars not on the main sequence; however, non- 
main sequence stars tend to be the more readily observable, 
simply because, on average, they tend to be brighter than 
main sequence stars (they tend to be towards the top of the 
H-R diagram). 


We explain a star’s movement away from the main sequence 
in terms of its evolution during the later stages of its life. 
The primary energy source for a main sequence star is the 
fusion of hydrogen in its core. The star’s appearance begins 
to change, and its position on the H-R diagram begins to 
move away from the main sequence line, when most of this 
core hydrogen has been used up and the star has to start 
fusing the heavier element, helium. In fact, changes in the 
star’s appearance occur whenever one ‘fuel’ nucleus becomes 
scarce, and reactions with other, heavier nuclei begin. The 
depletion of hydrogen in the core triggers the beginning of 
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Figure 5 The H-R diagram for the ninety nearest stars and the 
hundred brightest stars. The simple correlation is lost. The non- 
main sequence stars are believed to be in the latter stages of their 
evolutionary cycle. 


the red-giant phase in a star’s life; as the temperature in- 
creases and helium fusion begins in the core, the star’s output 
may become variable—the star may become a variable star, 
perhaps a Cepheid variable. When the core helium has been 
depleted, the star begins to collapse again under gravity, heat 
up, and blow off its outer atmosphere (sometimes visible as a 
ring-like nebula), to leave behind the hot, but small, dense, 
carbon core. This is called a white dwarf. As the white dwarf 
cools, it becomes a red, then a black dwarf. More massive 
stars can go one stage further. Carbon fusion can begin in the 
core, producing heavier elements, up to iron. Then fusion 
stops, and a catastrophic collapse occurs, producing an 
implosion in which the whole star is blown apart. This is seen 
as a supernova. The elements from the supernova then go 
back to seed the interstellar dust and gas from which the next 
generation of stars can be born. Indeed, the programme ends 
by pointing out that the heavy elements found on the Earth 
were not created within the solar system itself, but in super- 


TV2 Acceleration at constant speed? 


Presenters: Alan Durrant and Stuart Freake 


The programme begins by demonstrating that a pendulum 
can act as a simple accelerometer. When the trolley on which 
the pendulum is mounted accelerates along a straight track, 
the pendulum is deflected from the vertical in the direction 
opposite to the direction of the acceleration, i.e. the pendulum 
bob gets ‘left behind’ (Figure 1). We then show that when a 
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pendulum is mounted some distance from the centre of a 
uniformly rotating turntable, it is deflected radially outwards, 
away from the centre. This suggests that the pendulum is 
accelerating radially inwards towards the centre, and this 
inwards acceleration is known as a centripetal acceleration. 
The acceleration, as indicated by the deflection, increases 
when the pendulum is moved farther from the centre, and 
it also increases when the turntable is rotated at a higher speed. 


An animation of a cannon firing a ball is used to show that at a 
certain speed, the acceleration due to gravity can provide the 
centripetal acceleration required to make the ball orbit the 
Earth at constant speed. In practice, air resistance would 
rapidly bring a cannon ball back to the ground. An Earth 
satellite, however, travelling above the Earth’s atmosphere 
is free of air friction, and moves in exactly the way described 
by the animation, along a circular path at constant speed. 
Its acceleration is the acceleration due to the Earth’s gravity, 
directed radially inwards towards the Earth’s centre. 


nova explosions occurring, probably, long before the solar 
system was born. 


After watching this television programme and reading the 
associated notes above, you should be able to: 


1 Describe (in broad outline) how spectral information 
about a star is obtained. 


2 Sketch a Hertzsprung—Russell diagram, and, in particular, 
indicate the general position of main sequence stars of 
different masses on such a diagram. 


3 Indicate the general position of red-giant stars, variable 
stars, and white-dwarf stars on the Hertzsprung—Russell 
diagram, and so be able to describe (in broad outline) the 
evolutionary path of a Sun-like star. 


4 Say where, in the evolutionary cycle of a star, a supernova 
explosion may occur, and explain the significance of such an 
explosion for the formation of new stars. 


The centripetal acceleration of a puck moving in uniform 
circular motion on a glass table top is then determined by 
using the limit procedure suggested by the definition 


; (=) ; (< + At) — o) 
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A stroboscopic type picture is obtained showing the positions 
of the puck at 0.1 s intervals (Figure 2), and the speed of the 
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puck is determined from the number of images observed 
around the circumference (29) and the radius of the circle 
(0.50 m): 


= 2x x 0.50 m 
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The two arrows in Figure 2 represent the velocity vectors of 
the puck separated by an interval of 0.6 seconds. A velocity 
addition triangle is constructed (Figure 3) from these vectors, 
and the magnitude of the velocity change Av is found to 
be 1.31 m s` +. The magnitude of the average acceleration is, 
therefore, 

lAs 1.31ms7} 


(i= — 


At 0.6s 


= 2.18ms~? 


To find the instantaneous acceleration, we measure the 
average acceleration for shorter and shorter time intervals 
At. The limit is revealed most clearly by a graph (Figure 4). 
By extrapolating to At = 0, the limit is seen to be 2.33 ms”, 
and this is the magnitude of the instantaneous acceleration 
of the puck. 
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Figure 4 


The direction of the average acceleration is the direction of 
the change of velocity Av of Figure 3. For very small At, the 
angle between the velocity vectors is very small, and so the 
vector Av is nearly at right angles to the two velocity vectors. 
In the limit, this direction is exactly at right angles to the 
velocity vectors and points towards the centre of the circle. 
This is the direction of the instantaneous acceleration. 


This limiting procedure for measuring the instantaneous 
acceleration is tedious and repetitive. The programme goes 
on to show how a simple formula can be derived for the 
magnitude of the instantaneous acceleration. We start with 
the relationship. 


|Av| 


average acceleration ad = Ni 


For an object that moves at uniform speed between points 
A and B in Figure 5 in time Az, both the numerator and the 
denominator can be expressed in terms of the angle ¢. The 
arc length AB is the distance travelled by the puck in the 
interval At with speed v. Thus 


arc length AB č r 
At= i = = 


speed v 


Figure 5 


where @ is the angle in radians. Now you can see from the 
velocity addition triangle in Figure 5 that 


|Av| = 2v sin(@/2) 


and so 
_ _|Av| __ 2vsin(p/2) _ v? sin(¢/2) 
ere rblu- or E 


As the interval At approaches zero, so the angle @ approaches 
zero, and in this limit, 


sin(p/2) _ 
Bie S 


The instantaneous acceleration therefore has magnitude 


sin(@/2) = (@/2) radians, 1 


The direction of the acceleration is at right angles to the vel- 
ocity, along the radius towards the centre of the circle. 


We show that this formula predicts the same magnitude for 
the centripetal acceleration of the puck as we obtained using 
the limit procedure. It is also in agreement with our qualitative 
observation that the deflection of the pendulum on the 
turntable increases when the turntable speeds up. However, 
it may not be immediately obvious that the equation also 
agrees with the observation that the deflection of the pen- 
dulum increases as it is moved further from the centre of the 
turntable (while the period of rotation remains fixed). The 
equation appears at first sight to indicate that the centripetal 
acceleration decreases as r increases, since a oc r~t. Remem- 
ber though that the speed v is dependent on r. In fact, 


circumference of circle 2zr 


period T 


Substituting this expression for v into the equation for the 
magnitude of the centripetal acceleration, we get 


v? (= ) j 4n?r 
a=— = E= 
r T T? 
This alternative expression clearly shows that if the period T 


remains constant then the magnitude of the acceleration 
increases when the distance r from the centre increases. 


We then illustrate the use of these equations with two ex- 
amples, a rotating ‘space station’ and a Red Arrows’ pilot 
(Figures 6, 7). In intergalactic space, gravity can be simulated 


Figure 6 


Figure 7 


by rotating the space station. To produce a centripetal 
acceleration of magnitude 9.8 m s~? (i.e. equal to the accelera- 
tion due to gravity on Earth), a space station with radius 200 m 
would have to rotate with a period of 28s. A Red Arrows’ 
pilot, travelling at 150ms ' (about 350 m.p.h.) in an arc 
of radius 1km, would have a centripetal acceleration of 
about 23ms *, over twice the acceleration due to gravity. 


Centripetal accelerations are produced by forces, and this is 
a topic that is discussed in detail in Unit 3. For the astronaut, 
the inward force is exerted by the outer wall of the space 
station; for the pilot, the force is exterted by his seat; for the 
puck rotating on the table top, the inward force is supplied 
by the tension in the string. When the string is cut, the puck 
no longer accelerates, but moves off in a straight line along 
the tangent at constant speed (Figure 8). 


SAQ Verify the estimates made in the programme (and 
in these notes) for the period of the space station 
and for the acceleration of the pilot. 


Figure 8 


TV3 Energy to go round 


Presenters: Ray Mackintosh and Alan Durrant (Open Uni- 
versity); Cliff Burrows (University of Sussex) 


Study Comment TV3 covers, from a different angle, 
some of the same ground as Section 7 of the Main Text. 
Before watching the programme, you should have 
studied Section 1-4 and also, if possible, Section 7 
and 7.1, including the Home Experiment. In particular, 
you should be familiar with the conservation of energy 
and with the formulae for potential and kinetic energy. 
You might also like to remind yourself about rota- 
tional speed œ, the formula v = wr for the speed of a 
rotating body, and the formula a = —q@?r for the 
centripetal acceleration of a rotating body, all of which 
were introduced at the end of Unit 2. 


At the Engineerium 


The programme starts at the British Engineerium at Hove by 
showing some contrasting examples of flywheels used for 
energy storage. A large steam-engine flywheel is a short-term 
energy store that helps to smooth the engine’s output and gets 
the piston into place for the power stroke. A flywheel in a toy 
car stores enough energy to propel the car for a considerable 
distance. An example of a bus that is being developed to study 
the application of flywheels to passenger transport is also 
shown, and the point is made that the ratio (energy stored/ 
flywheel mass) must be maximized for a useful long term store. 


The ‘windmill’ 


A simple model ‘windmill’ is used to demonstrate how the 
kinetic energy of a rotating object depends on the distribution 
of its mass (Figure 1). The arms are of light Perspex; the mass 
is concentrated in the four brass discs, whose distance from the 
axis can be varied. The ‘windmill’ is driven by a falling weight, 
of mass m. When the weight falls through height h, it loses 
potential energy mgh, so that (neglecting frictional losses) 


total gain of kinetic energy ae 
of windmill and falling weight | ~ "9 


The experiment is performed with the brass discs near the axis, 
and then with them near the ends of the arms. The result is 
that the angular speed of the windmill is less in the case when 
the brass discs are further from the axis of rotation. 


Now, when the windmill rotates more slowly, the weight falls 
more slowly and therefore has less kinetic energy. Since the 


Figure 1 


total kinetic energy is the same in each case, we have an 
apparently paradoxical result: 


When the discs are further from the axis, the windmill 
rotates with less angular speed, but has more rotational 
kinetic energy. 


This is analogous to the result that you should have deduced 
in ITQ 9 of the Main Text for your Home Experiment. 


We then explain why the rotational kinetic energy of the 
windmill depends on how its mass is distributed. The discs 
are at the same radius r from the axis and have equal mass m 
(not necessarily the same as the mass of the falling weight; in 
the programme, the same symbol was used, perhaps un- 
fortunately.) 

Thus 

kinetic energy of one disc = mv? 


But we know that v = wr 
kinetic energy of one disc = 4mw?r? 


kinetic energy of windmill = 4 x 4mw?r? 
(neglecting mass of Perspex, etc.) 


= 2mw?r? 


So it is not just the total mass that determines the energy of a 
rotating body, but also the distribution of the mass. The 
rotational kinetic energy will therefore be greater when the 
mass is further from the axis, and this is consistent with the 
results of the windmill experiments. We then derive an 
expression for the rotational kinetic energy of an arbitrary 
body that is rotating with angular speed œ, by dividing it up 
into many small mass elements like that shown in Figure 2. 
We find 


rotational kinetic energy = 4I@* 


Figure2 A typical mass element, m;, at a displacement r; from the 
axis of rotation. 


This derivation, and the meaning of the moment of inertia /, 
are discussed in detail in Sections 7.3 and 7.4 of the main text. 


The important points to remember are: 


1) for given total mass, the moment of inertia /is larger if the 
mass is further from the axis, and 


2) the energy is proportional to œ°. 


At the Department of Applied Science, 
University of Sussex 


Dr Cliff Burrows introduces his rig for simulating the use of a 
flywheel to supplement another motor (in this case electric) 
in a vehicle, emphasizing the following points: 


* Using a flywheel to store energy allows a motor of smaller 


power to be used, since the peak power required during 
acceleration can be provided by the flywheel. 


Economy is improved since regenerative braking is 
possible, and the engine can be operated at its most 
efficient rate. 


During acceleration, energy flows from the flywheel to the 
vehicle; as the vehicle slows down, energy flows back into 
the flywheel; all this is made possible by a continuously 
variable transmission. 


The flywheel weight must be minimized for a given 
amount of energy stored. 


The safety of passengers must be ensured. 


Since E = 5J@’, the stored energy can be increased by in- 
creasing J and/or œ. 


Increasing J does not in practice improve the ratio of 
energy stored to weight (concentrating mass near the rim 
weakens the flywheel, and reduces the maximum per- 
missible angular speed). 


The trend in modern flywheel design is to use high angular 
speeds. 


The main problems are aerodynamic drag on the flywheel, 
vibration and possible disintegration. The reason for dis- 
integration at high speed is discussed again in Section 7.5 of 
the main text. 


The sandbags around the test-rig point to the limitations 
of flywheels. Nevertheless, safe flywheels can be made. 


Finally, Dr Burrows introduces ‘composite’ flywheels, 
typically carbon fibres set in epoxy resin. These are less 
massive than steel flywheels, but potentially capable of being 
operated at much higher angular speeds. Since composite 
flywheels are expensive, current work is mainly confined to 
steel flywheels, such as the Garrett flywheel, which can store 
5kWh* at 10000r.p.m. However, work on composites is 
being done, and Figure 3 shows what happens when the 
maximum value of œw for a composite flywheel is exceeded. 


Figure 3 This composite flywheel has failed dramatically after 
being deliberately rotated at an angular speed w beyond its design 
maximum. 


A readable account of the use of flywheels can be found in the 
December 1973 issue of Scientific American. 


Energy to go round 


The programme concludes by discussing the Earth’s rotational 
kinetic energy, which is slowly being dissipated by frictional 
effects caused chiefly by the tides. In SAQ 29 of the main text 
(the one mentioned in the programme), you can estimate the 
magnitude of this energy. 


* One kW h, kilowatt hour, is the energy corresponding to a rate of 
energy transfer of 1 000 watts (i.e. 1 000 joules per second) for 3 600 
seconds (1 hour). It is therefore precisely equal to 3.6 megajoules. 


TV4 Which way to turn? 


Presenters: Milo Shott and Ray Mackintosh 


This programme introduces the concept of angular momentum 
and demonstrates its usefulness in explaining rotational 
motion. The definitions introduced during the programme 
are all summarized in Section 4.1 of the Main Text. 


Introduction of angular momentum L 


Rotating objects are not fully described by their kinetic energy 
(TV3) since energy does not depend on the direction of motion. 
We need another quantity that can play a similar role in 
rotational motion as momentum p plays in translational 
motion. The required quantity is the angular momentum L, 
and for a uniformly rotating small particle this is defined by 


L=rxp (1) 


where r is the (instantaneous) position vector of the particle 
from the centre of rotation and p is the (instantaneous) 
momentum of the particle at the point defined by r (Figure 1). 


Figure 1 


This definition is then applied to an extended symmetrical 
object, rotating about a fixed axis (identical with an axis of 
symmetry). The resulting angular momentum vector L lies 
along the axis of rotation, and its direction specifies whether 
the rotation is clockwise or anticlockwise (right-hand rule). 
By adding the angular momenta of each small part of the 
object, the magnitude of L is found to be 


L=Iq@ (2) 
where is the angular speed and 


I= È miri (3) 


is the moment of inertia, which first appeared in the formula 
for rotational kinetic energy E,,, = 4%? in Unit 3. 


Conservation of angular momentum and the relationship 
between angular momentum and torque 


Gyroscopes provide the most widely known (and very useful) 
manifestation of the law of conservation of angular mo- 
mentum. According to this law, if an object (or a system of 
objects) is not acted on by any net torque, its angular momen- 
tum L has constant direction and constant magnitude. 


When a net torque T acts on an object, the angular momentum 
L of the object changes. In fact, the rate of change of the 
angular momentum dL/dt, is equal to the torque, i.e. 


dL 
L= T (4) 
In the programme, this relationship is first assumed, since it is 
a reasonable analogy of the relationship between force and 
linear momentum in translations (F = dp/dt). This assump- 
tion is then tested by a simple experiment in which we measure 
the angular speed w reached by a windmill model after it has 
been driven for an interval of time At by a torque of constant 
magnitude I’. According to equation 2, the magnitude of the 
change of angular momentum after interval At is 


AL = IA@ 


and since the initial angular speed is zero, we can write 
AL = Iw (5) 
where « is the final angular speed. 


Equation 4 predicts that the angular momentum change is 
related to the torque by the relation 


AL = At (6) 


Equating the right-hand sides of equations 5 and 6 gives 
lw = TAt, and since the moment of inertia J remains constant 
during the experiment, we expect that 


Cie E 
— = — = constant, J 
At i D 


provided the relationship assumed in equation 4 is correct. 


In the experiment during the programme, we take just three 
readings with the windmill model when the four weights are 
as far as possible from the centre. The results are shown in the 
left half of Table 1. The ratio œ/At is constant to within about 
+5%. This agrees with the prediction made in equation 7, 
and is evidence that constant torque produces constant rate of 
change of angular momentum consistent with T = dL/dt. 


Table 1 Measurements of w/At for two different configura- 
tions of the windmill. The applied torque was the same in both 
cases. 


weights far out weights moved inwards 


At w wj/At At o @/At 


s rads 1 sr s rads | aed 
5.85 cy 6 | 1.22 1.62 3.22 
6.75 7.85 1.16 2.39 4.88 
4.37 552 1.26 5.16 10.09 


We also took measurements when the four weights were closer 
to the central shaft. The results are shown in the right half of 
Table 1; each value shown these is an average of three or four 
independent measurements. 


SAQ 1 Complete Table 1 by calculating the remaining 
ratios of w/At. What is the percentage accuracy with which 
these results confirm equation 7? Compare the values of 
@/At in the two halves of the Table, and explain the 
difference. 


A composition of the expressions for the kinetic energy and 
the magnitude of the momentum for translational and rota- 
tional motion is shown in Figure 2. 


Figure 2 


Conservation of angular momentum at work 


In the final part of the programme, we use the concept of 
angular momentum to understand a variety of motions, from 
shaking dogs (Figure 3, top) and falling cats (Figure 3, 
middle) to rotating objects in spaceships (Figure 3, bottom). 


When a dog shakes itself, it twists the two halves of its body 
in opposite directions. This means that the total change in 
angular momentum of the dog is very small, and only a small 
net torque, exerted by the ground, need act on the dog’s feet. 
In the case of the falling cat, there is no external torque 
(neglecting air resistance) and so the angular momentum of 
the cat must be conserved. This is true even though the cat 
is accelerating due to the force of gravity, since the rotation 
and the translation can be considered as independent motions. 


If no unbalanced torques act on a body, then its angular 
momentum must be constant, and any change in angular 
speed œw must be accompanied by a change in the distribution 
of mass—by a change in the moment of inertia about the axis 
of rotation. 


In general, the conservation laws for total energy and for 
angular momentum must both be used simultaneously to 
explain the behaviour of rotating objects. 


The last point was demonstrated by the example of the bottle 
in the spaceship. The energy of rotation is 


ty 
ll 


1 
rot io? z Fi (Ia)? (8) 


and the magnitude of the angular momentum is 
L= To (9) 


Substituting equation 9 into equation 8 gives 


= F ora. L? — JIB, (10) 


Figure 3 


During the experiment L (and therefore L?) remains constant, 
but E,,, decreases as some kinetic energy of rotation is con- 
verted into heat. So, the moment of inertia I must increase. 
The bottle ‘achieves’ this by tumbling over by 90°, so that it 
rotates (very slowly) about an axis perpendicular to the 
original axis (Figure 4). The tumbling over is necessary, 
because conservation of angular momentum demands that 
the direction of the axis of rotation must remain the same in 
space. 


initial rotation final rotation 


The Earth-Moon system 


In conclusion, we observe that the Earth is gradually losing 
its angular momentum. The conservation law is not violated, 
since the Earth cannot be regarded (with sufficient accuracy) 
as an isolated object. The observation is explained by the net 
torque that arises from the slight displacement of the tidal 
water bulges from the straight line connecting the centres of 
mass of the Earth and the Moon (Figure 5). The gravitational 
forces exerted by the Moon on these tidal bulges are not equal 
in magnitude (F, > Fg, since A is closer to the Moon than B), 
so there is a net torque on the Earth that slows down its 
rotation. Conversely the net gravitational force on the Moon 
due to these tidal bulges is not directed towards the centre of 
the Earth. This means that there will be a torque acting on the 
Moon that increases its angular momentum. Some of the 


Figure 5 


angular momentum of the Earth is transferred to the Moon, 
causing it to move farther away from the Earth. 


To give you some quantitative idea about the tidal effects, the 
Earth’s period of rotation is slowing down at a rate of about 
1 second in 10° years, and the average distance to the Moon 
increases by about 3 cm per year. These changes are not con- 
stant in time, since with increasing separation the gravitational 
force decreases. In due course, tides should cease altogether! 


SAQ 2 Explain why the transfer of angular momentum 
from the Earth to the Moon leads to an increase of their 
separation, rather than to a faster rotation of the Moon in 
the same orbit. (Hint: consider acceleration in circular 
motion.) 


SAQ answers and comments 


SAQ 1. The ratios w/At agree with equation 7 to within 
+2% (not bad for a very simple experiment). The two sets of 
results are different due to the different value of the moment of 
inertia I. In the second set, I is smaller, so œ/At is larger. 


SAQ 2 Faster rotation in the same orbit would mean 
increased acceleration a = v?/r. But acceleration can increase 
only if the force causing it increases. In this case, the only force 
is the force of gravity, which is constant if r is constant. So the 
increased angular momentum cannot be obtained by the 
Moon speeding up in the same orbit. The only way the Moon 
can accommodate the increase of L is by moving further away 
(larger r). 


TV5 Juggling with physics 


Presenter: Steve Swithenby 


Narrator: Cheryl Newport 


IT IS IMPORTANT TO STUDY THESE NOTES AS 
WELL AS VIEWING TV5. THE NOTES ARE COMPLE- 
MENTARY TO THE PROGRAMME AND THEY 
DEVELOP MANY OF THE IDEAS IN THE PRO- 
GRAMME. 


Introduction 


In this programme, we revise some of the mechanics you have 
read in Units 2-4. We have picked a series of examples that 
highlight different areas of mechanics and that show some of 
the techniques of solving mechanics problems. In many of the 
examples, a complex physical system is approximated by a 
simpler model, which can then be more easily analysed using 
the mathematical language discussed in Unit 2. 


Motion of an extended object 


In the first example in the programme, you are invited to look 
closely at the motion of a tennis racquet in flight. It illustrates 
a common simplification: the motion of an extended object 
(anything that isn’t a point mass) can be separated into two 
parts, namely the motion of its centre of mass and the rotation 
of the object about its centre of mass. In analysing the centre 
of mass motion, the object is modelled as a point object with 
the same mass as the extended object and situated at its 
centre of mass. The point object is subject to all the external 
forces acting on the object (Figure 1). 
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Figure 1 


Projectile motion—motion with a constant force 


Apart from the trivial case in which no net force acts on an 
object, the simplest possible system in mechanics is an object 
acted on by a single constant force. The ensuing motion is 
knownas projectile motion and is illustrated in the programme 
by a falling football (Figure 2). 


In one case the ball is dropped, and in the other case the 
ball is thrown horizontally from the same starting height. In 
both cases, the ball experiences a constant downward accelera- 
tion of magnitude g(~10ms_”). The procedure for analysing 
such a problem is straightforward. First we define a convenient 
Cartesian coordinate system (Figure 2). Then we write down 
the values of the quantities that are known. For example, if it 
takes one second for the football to reach the ground in both 
examples, we know that 


for the dropped ball for the thrown ball 
u,=0u,=0 u,=0 
a,=0a=-g a, = 0 4y= ~G 


t = 1 second t = 1 second 


The third step is to consider the motion along the coordinate 
axes separately. This allows us to replace vector equations by 
simpler equations relating the components of the various 
quantities. For example, if we wanted to find the height Sy 
through which the ball fell, the third step in the analysis would 
merely involve writing down a constant acceleration equation 
for the y-components: 


Sy =uyt + 3a, t 
and inserting the known values of uy, t and ay. 
ie. sy=[Oms * x 1s]+[5x(-10ms~?) x (1s)*] 


Thus, the ball travels a distance of 5m in the negative y- 
direction, i.e. it falls from a height of 5 m. 


Figure 2 


It’s useful to remember that problems like this, which involve 
a constant force, are easier to solve if you choose a coordinate 
system with one axis along or opposite to the direction of the 
force, since only the component of the velocity in that direction 
will change. 


Translational and rotational equilibrium 


When more than one force acts on an object, it is possible for 
the forces to balance, so that the resultant force is zero and 
there is no acceleration. This is known as translational 
equilibrium and the condition for achieving this state is 


sum of forces on object = 0 
ne: YF, =0 (1) 


It is important to realize that this condition involves three 
separate constraints. The forces on an object will only add to 
zero if the x-, the y- and the z-components of those forces each 
add to zero. 


In the programme, we analyse the system of a tightrope walker 
standing ‘motionless’ on a wire (Figure 3a). The tightrope 
walker is in translational equilibrium, and so the forces on 
him must add to zero (Figure 3b). If the sum of the supporting 
forces from the wire is denoted by the single force F, then 


F+W=0, o F=-W (2) 


The forces on the segment of wire beneath the walker’s feet 
are shown in Figure 3c. From Newton’s third law, the force 


Figure 3 


exerted on the wire by the walker must be — F, which is equal 
but opposite to the force exerted on the walker by the wire. 
Also, there are two tension forces T, and T,. 


Applying the condition for translational equilibrium to the 
x-components of the forces yields 


T, cos 0 — T, cos 0 = 0 
Leche (3) 
By applying the equilibrium condition to the y-components 
of the forces, the magnitude of the tensions can be found. 
T, sin 0 + T,sin0d+F=0 
By using equations 2 and 3, this equation can be rewritten 
2T, sin 0 = W, i.e. T, = W/(2 sin 0) 


So, if the wire does not sag appreciably, and hence 6 is small, 
the tension in the wire must be large. In fact, the wire used in a 
tight-wire act is capable typically of withstanding a tension of 
about 2 x 10° N, which is equivalent to the weight of a 20 
tonne object. 


The translational equilibrium condition is not sufficient to 
guarantee complete equilibrium. If the object is to be in 
rotational equilibrium, it is necessary for the external torques 
on the system to balance. 


i.e. ERO 
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ix Fi (4) 


I, is the torque about a point P due to the force F, acting at a 
displacement r; from P. 


1] 


When applying the translational equilibrium condition, there 
is a skill in picking a coordinate system that simplifies the 
mathematics. Similarly, when applying the rotational equi- 
librium condition, it is important to choose carefully the point 
about which the torques are evaluated. This is illustrated in 
the programme by considering the equilibrium of the frame 
at one end of the tightrope (Figure 4). 


tension force A 


Figure 4 Figure 5 


The task we set ourselves was to find the direction of the 
supporting force F from the floor. The analysis is straight- 
forward if we simply use the rotational equilibrium condition 
about the point A. The two tension forces act through this 
point and therefore exert zero torque. To a good approxi- 
mation, we can also ignore the torque due to the weight W: 
The magnitude W of the weight is small and its line of action 
is very nearly through A and so it will only exert a small 
torque. A similar argument applies to the supporting force F. 
The magnitude of F must be greater than that of W because 
F opposes not only the weight of the frame but also the 
downward component of the tension forces. So, for the torque 
due to F to be zero, as is demanded by the torque equilibrium 
condition, it too must act through A: it must be directed along 
the line of the frame. More formally, we could say that the 
magnitude of the torque due to F is rF sin 0 where r is the 
length of the frame (Figure 5) and 6 is the angle between the 
lines of action of r and F. The only physically reasonable way 
by which rF sin 0 can be set equal to zero is if 0 = 180°, i.e. if 
F acts along the length of the frame. 


Conservation of momentum and of energy 


In principle, it is correct to use Newton’s laws to analyse 
systems that are subject to several forces and not in equilib- 
rium. However, in practice, the complexity may make a 
straightforward calculation impossible. It may be more 
convenient to try to explain the behaviour of such systems by 
using the principles of conservation of momentum and 
energy. 


The total momentum of an isolated system remains constant. 


The total amount of energy of an isolated system does not 
change, although it may be converted from one form into 
another. 


Care is needed in applying these principles. For example the 
momentum of a system is only conserved if the system is 
isolated. This is a significant restriction in analysing the 
motion of everyday forces because the weights of the objects 
are external forces. In Unit 3, we circumvented this problem 
by balancing the weights by supporting forces from an air- 
table, and it was then acceptable to treat colliding pucks as 
constituting an isolated system. : 


Momentum conservation can still be useful if there is an 
external force acting on the system, particularly when the 
analysis is of a brief, violent event. (You may remember the 
exploding shell in Unit 3.) Why this should be so is evident 
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from an inspection of the following equation (a form of 
Newton’s law) 


F = Ap/At (5) 


which relates the momentum change of a system to the 
external force F it experiences and the time Ar for which the 
force acts. Because a collision or explosion takes such a brief 
time, Aris small, and the momentum change due to an external 
force (e.g. the weight of shell or shell fragments) is also small. 
Of course, over a longer time scale, the effects of the external 
forces will become more apparent. 


The main difficulty in applying the principle of conservation of 
energy is illustrated in the programme with the example of an 
acrobat being launched from a see-saw by a second acrobat 
jumping onto the other end. It’s tempting to try to predict 
the behaviour of this complicated system by equating the 
initial energy of the launching acrobat to the final energy 
of the flier. There are several reasons why this would not be 
valid. Most obviously, kinetic energy is converted into heat 
and sound energy as the end of the see-saw hits the ground. A 
slightly more subtle complication is that the flier does not act 
as a passive object: she jumps, converting chemical energy in 
her muscles into kinetic and potential energy. 


The moral to be drawn from this example is that you must 
always look at the possible energy conversions involved in a 
system before applying the principle of energy conservation. 
If the energy conversions cannot be characterized quantita- 
tively, then there’s no point in trying to use energy conserva- 
tion. 


In principle, the energy transferred in mechanical systems can 
be found from the equation 


energy transferred AE = F- s (6) 


This equation is always valid. In the programme, we use it to 
analyse two standing jumps, one from the ground and one 
from a wire. The starting position for a standing jump is with 
both knees bent and the arms held down (Figure 6a). Then, 
the jumper straightens his legs, so that his centre of mass 
accelerates upwards. The force required to produce this 
upward acceleration is provided by an increase in the reaction 
force F of the ground. (You can easily demonstrate this by 
jumping off your bathroom scales!) If during the jump, the 
centre of mass moves through a displacement s and we ignore 
the variation of F during the jump, then the energy transferred 
is F  s. Maximizing this scalar product will maximize the height 
reached by the jumper. The jumper tries to achieve this in 
three ways: he presses down as hard as possible to maximize 
F, he jumps vertically, and he shoots his arms skywards to 
increase the displacement s of his centre of mass. 


F 
centre of mass : 
(a) starting (b) take-off (c) energy 
position position transferred =F - s 
Figure 6 


If you're feeling energetic one day, try a standing jump and try 
to relate your movements to the F-s term. Alternatively, 
watch a high jumper and see how he refines further the 
technique of the standing jump. 


The jump from the wire can be analysed in much the same way 
as the jump from the ground. More interesting is the explana- 
tion in energy transfer terms of the way the jumper avoids 
bouncing off the wire after landing. Having stretched the wire, 
he would, if he remained rigid, be propelled back up into the 
air. Instead, he minimizes the mechanical energy transferred 
back to him by minimizing the movement of his centre of mass 
when the wire pushes his feet upwards. He bends his knees 
rapidly and brings his arms down. Next time you watch a 
trampolinist, observe how he comes to a well controlled and 
rapid halt using the same technique. 


Circular motion 


In $271, we concentrate on three types of motion: along a 
straight line, in a parabola, and in a circle. These three types 
of motion are distinguished by the relative simplicity of their 
mathematical description, and this in turn is a consequence of 
the forces having a simple form in each case. For straight line 
motion, the farce on the object is in the same direction as its 
velocity; for parabolic motion, the force has a constant 
magnitude and direction; while in uniform circular motion, 
the force has a constant magnitude and is always directed 
towards the centre of the circle. 


You should be able to recall from Unit 3 that the centripetal 
force F acting on an object moving with constant speed alonga 
circular path is given by 


2 
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The quite complicated example of a circular motion that we 
give in the programme is of a trapeze artist, Pamela, who spins 
from a rope. When she spins faster, the line of her body be- 
comes more and more horizontal. To explain this observation, 
we analyse the motion of her feet, making the simplification 
that they are moving in a horizontal circle about an axis along 
which the rope hangs when stationary (Figure 7). We further 
assume that her body acts like a rod connecting her feet to 
the axis of rotation (Figure 7). In this model, the force F 


Figure 7 


exerted on her feet by the rest of her body must act along her 
body. Since there is no vertical component to the acceleration 
of her feet, the vertical component of the total force on them 
must be zero. There are only two forces on her feet; their 
weight W and the force F. 


Fsin@d—-W=0 
or, since W = mg 


F sin 0 = mg (8) 


The horizontal force component on her feet has magnitude 
F cos 6, and this provides the centripetal force necessary to 
make them move with angular frequency w in a circle of 
radius r. Thus we can equate F cos @ to the magnitude of the 
centripetal force given by equation 7. 


F cos 6 = mw?r (9) 


The unknown force magnitude F can be eliminated from 
equations 8 and 9 by dividing one by the other, 


i.e. tan 0 = g/w?r 


or r tan 0 = g/w? 
But, from an inspection of Figure 7, r tan 0 = h. 


Therefore h = g/w (10) 
This shows that, as the angular frequency w increases, the 
height difference h between her feet and the point on her body 
on the axis of rotation decreases. So, for example, with a 
frequency of only 1 Hz, 


h=10ms ?/2n)? s~? 
~ 0.25 m 


which is in reasonable agreement with our observations. 


Angular momentum and rotating systems 


There are no intrinsically new concepts involved in applying 
Newtonian mechanics to rotating systems, but the introduc- 
tion of a few new terms such as torque, moment of inertia and 
angular momentum helps to make the analysis simpler. Each 
of these terms is the counterpart of a parameter used in 
analysing translational motion. So, for example, when 
considering rotating systems, we can invoke the principle of 
conservation of angular momentum if the system is isolated 
(or if there is a net torque of zero on the system.) Conservation 
of angular momentum in rotational motion is the counterpart 
of conservation of linear momentum in translational motion. 


A good example of angular momentum conservation is 
provided by the tennis racquet in flight. Because the weight of 
the racquet acts through the centre of mass, there is zero 
torque about the centre of mass, and the angular momentum 
of the racquet about the centre of mass remains constant. 


In the programme, we also use angular momentum arguments 
to explain the advantage of carrying a pole to aid balance when 
walking on a wire. The pole can be used in several ways, but 
one method is particularly interesting because it contradicts 
most people’s expectations. The tightrope walker is modelled 
as a vertical stick and the pole is assumed to pivot about his 
centre of mass (Figure 8a). He rotates the pole to aid his 
balance. (In this description, right and left will be from our 
point of view rather than from the walker’s point of view.) 
Suppose that he is walking towards us and begins to fall to 
our left (Figure 8b). Which way should he rotate the pole? 


Let us assume that he rotates the pole so that the left hand tip 
is lowered (Figure 8c). Doing this doesn’t involve applying any 
external torques to the system. All the torques are internal and 
are therefore balanced by opposing internal torques. This 
means that there is no change in total angular momentum 
about the wire. But the rotating pole does have an angular 
momentum about the wire. For example, a small segment of 
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centre of 
mass 


(a) (b) 
walker falls 
to our left 


Figure 8 


pole on the left end sweeping downwards has an angular 
momentum vector L about the wire directed towards you, as 
can be deduced from the expression L = r x p. The same 
conclusion applies to the segment of the pole at the other end 
sweeping upwards. These contributions, together with the 
contributions of most of the other segments, give a non-zero 
total angular momentum for the pole about the wire. 


But the total angular momentum change due to the rotating 
of the pole must be zero. This can only be accomplished if the 
walker acquires an equal but opposite angular momentum to 
the pole. This means that he rotates in the opposite direction 
to that in which he was falling (Figure 8d), and balance is 
restored. 


The long pole helps the tightrope walker by amplifying his 
movements. Even a gentle rotation produces an appreciable 
angular momentum. Without a pole, the tight-rope walker 
must achieve the same correcting angular momentum by rapid 
movements of his arms. 


Self-assessment questions 


SAQ 1 A projectile is launched from the Earth’s surface and 
lands 20 m away. How far away from its launching site would 
the projectile land on the Moon’s surface, where the accelera- 
tion due to gravity has a magnitude about six times smaller 
than on the Earth. Assume that the projectile is launched with 
the same initial velocity in both cases, and that air-resistance 
is a negligible factor. 


In answering this question, you will be predicting rather 
crudely the result of the first Moon Olympics shot-putting 
competition. 


SAQ 2 A tight-wire is 10m long. What is the minimum 
tension in the wire if, with an 80 kg man standing still at the 
centre, the deflection is to be less than or equal to 10 cm. 


SAQ 3 A horizontal beam of length 2r is pivoted at the 
centre and is in equilibrium with a downward force F acting 
at each end. Assuming that the beam has zero mass, find the 
force exerted on the beam by the pivot. Show that the net 
torque about one end of the beam is zero. 


SAQ 4 A fishing rod of length 3 m is held at an angle of 60° 
to the horizontal by a horizontally directed force F applied to 
the rod 1 m from the lower end (Figure 9). The rod is pivoted 
at its lower end and a fish of mass 10 kg hangs from the upper 
end. (It was a good fishing day!) Assuming that the rod has 
negligible mass, calculate (a) the magnitude of F and (b) the 
force R exerted on the rod at the pivot. 


SAQ 5 A tennis ball moving vertically downwards with a 
speed of 10 m s™+ collides with another tennis ball moving 
horizontally with a speed of 5ms~'. Each ball has a mass of 
0.1 kg. Thinking carefully about equation 5, comment on the 
horizontal and vertical components of the total momentum of 
the balls immediately after the collision—i.e. are these com- 
ponents conserved in the collision? 
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(c) (d) 
and rotates back 
to the vertical 


he rotates the 
pole to the left 


Figure 9 


SAQ 6 Ina standing jump, an athlete of mass 75 kg starts 
from a crouched position with his centre of mass 80 cm above 
the ground. His centre of mass moves vertically upward and 
his feet leave the ground when his centre of mass is 110cm 
above the ground. The maximum height his centre of mass 
reaches is 160 cm above the ground. Calculate the total energy 
transferred from his muscles, assuming that it is all converted 
into kinetic energy and gravitational potential energy. 
Calculate the average force exerted by the athlete’s feet on the 
ground during the jump. 


SAQ 7 An adult swings a child in the park (Figure 10). 
Assume that the child is a 20 kg point mass moving in a 


Figure 10 


horizontal circle of radius 1.5 m and with frequency 0.5 Hz. 
Calculate the magnitude of the force F with which the adult 
pulls on the arms of the child. 


SAQ 8 Sometimes a tightrope walker carries an umbrella 
above his head. By sweeping it from side to side he can use 
the air-resistance force on the umbrella to aid his balance. If 
he is falling to his right, to which side should he sweep the 
umbrella to regain the vertical? 


SAQ 9 In the final sequence of the programme, you 
observed that it is easier to balance a long object on the end of 
a finger than to balance a shorter one. Why is this? 


SAQ answers and comments 


SAQ 1 The path of the projectile is shown in Figure 11 
together with suitable coordinate axes. If the speed and angle 
of projection of the the projectile are described by the 
variables u and 0, then the motion is characterized by 


uy = u cos 0 u, = u sin 0 


a, = —g 


Figure 11 


When the projectile strikes the ground the y-component of 
its displacement from its starting position is zero 


1.€. S= 


The time of flight, t, can be found from the constant accelera- 
tion equation 


Sy = Uyt + jat 
Thus 0 = usin 0 t — igt? 
LG: t=0 or 2u sin 0/g 
The first solution corresponds to the moment of launch, the 
second to the moment when the projectile strikes the ground. 
At this moment, the x-component of the projectile’s displace- 
ment is 
S, = u,t + 4a,t? 
Since a, = 0 and t = 2u sin 0/g 
Sy = u cos @ x 2u sin 0/g 
Sx = 2u? sin 0 cos 6/g 
This equation tells us that the distance of the landing point 
from the launch point is inversely proportional to the 
gravitational acceleration. On the moon, g is six times smaller, 
and so the horizontal distance travelled by the projectile is six 
times greater, i.e. 120 m. 


SAQ 2 Fora 10 cm deflection (Figure 12) 


sin 0 x tan 0 = 10 cm/5.0 m = 0.02 


| 
j- 10m 4 


Figure 12 


From the text, 
tension T = W/2 sin 0 
= 80kg x 10ms 7/2 x 0.02 
=2 x 10*N 
This is equivalent to the weight of a 2 tonne object. 
SAQ 3 The system, together with suitable coordinate axes, 


is shown in Figure 13. If the beam is in equilibrium, the forces 
on it must add to zero, 


Te R+2F=0 
or R = —2F 
R 
ivot 
z A p B 
i us F F 
> k— 2r +| 
Figure 13 


So, the force R on the pivot has magnitude 2F and is vertically 
upwards, in the z-direction. 


If the displacement of the pivot from A is labelled r, the total 
torque about A is given by 


torque due torque due 
È =f to R Mimi 


magnitude rR in magnitude 2rF in 
-~ | negative y-direction positive y-direction 


_ | magnitude r(R — 2F) in 
~ | negative y-direction 


= 0, since R = 2F 


SAQ 4 (a) The force diagram together with a set of co- 
ordinate axes is shown in Figure 14. Applying the torque 
equilibrium condition about the pivot yields 


torque due torque due to = 
to F fish’s weight | 


lm x F x sin 120° in 
negative y-direction 


3m x 10 kg x 10ms~? x sin 150° > 
in positive y-direction = 


—0.866F + 1.5 x 10? newtons = 0 
F=173N 


10kg x 10ms~* 


Figure 14 
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(b) The condition for translational equilibrium of the rod, 
applied to the x-components of the forces, is 


Ff RER 0 Bie Re = 173 N 
Similarly, for the z-components 


— 10kg x 10ms™? + R, = 0, i.e. R, = 100N 
$ 
Therefore R is a force with components R, = 173 N and 
R, = 100 N. Alternatively it can be expressed as a force of 
magnitude ./(173* N? + 100? N?) = 200N at an angle 0 
given by tan 0 = 100 N/173N = 0.58, i.e. an angle of 30° 
from the x-axis in the x-z plane. 


SAQ 5 Ignoring air resistance, the only external forces 
acting on the tennis balls are their weights. As these act 
vertically downwards, they only cause a momentum change in 
that direction; and so the horizontal components of the total 
momentum of the balls will remain constant during the 
collision. 


In fact, the vertical component of the total momentum will 
itself only change by a small amount during the collision. If 
the collision lasts for 0.1 s, the total momentum change Ap will 
have a magnitude 


Ap = |weight of balls| x time of collision 


=2 x 01 kg x 10ms ? x 01s 
=02kgms"} 


This is small compared with the magnitude of the vertical 
component of momentum before the collision (= 1 kg m s7 +), 
and so it would be a reasonable first approximation to treat 
the collision as if all components of the total momentum of 
the balls were conserved. 


SAQ 6 In moving from the crouched position to the highest 
point of the jump, the athlete increases his gravitational 
potential energy by 


mgh = 75 kg x 10ms~* x (1.60 — 0.80) m = 600 J 


This energy was converted during the movement of his centre 
of mass through 0.3 m. Therefore 


AE = 600 J = Fs 
=F x 03m 


F=- 2x ION 


This is about three times his weight. 


The force exerted by his feet on the ground has the same 
magnitude as the force due to the ground on his feet; i.e. 
2 x 10° N, but is in the downwards direction. 
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SAQ 7 This is an exactly analogous example to the one 
described in the notes, and so the relevant equations are the 
same as before. 


Le. F sin 0 = mg 

F cos 6 = ma?r 
We know m = 20 kg, r = 1.5m and w = 2r radians s~', but 
0 is unknown. It can be eliminated from the equations by 


squaring and adding them, and then using the identity 
sin? 0 + cos? 0 = 1 


i.e. F? sin? 0 + F? cos? 0 = m?g? + ma*r? 
F?(sin? 9 + cos? 0) = m? (g? + w*r?) 
F = mg? + o4r?)!2 
Inserting the known values yields 
F = 360N 


which is nearly twice the magnitude of the weight of the child. 


SAQ 8 Theair-resistance is a frictional force in the direction 
opposite to the umbrella’s velocity. If he is falling to his right, 
his weight is producing a torque whose direction is along the 
wire in front of him. (Figure 15a). The walker is walking along 
the positive x-direction. If he sweeps the umbrella to the right, 
there will be a force approximately in the horizontal direction 
to his left, which produces a torque in the opposite direction 
(Figure 15b). This will tend fo restore him to the vertical. 


wire 


weight torque 


(a) 


air-resistance 


torque 


(b) 
Figure 15 


More informally and less precisely, I could have answered this 
question by an argument such as: a force tending to produce 
a clockwise rotation can be balanced by a force tending to 
produce an anticlockwise rotation. 


SAQ 9 To simplify the discussion, imagine a long pole of 
negligible mass on the top of which is a mass m. The pole has 
length / and is free to rotate about its lower end (Figure 16). 


I=ml? 
mg T= mgl sin 0 


Figure 16 


Now imagine that the pole is displaced by a small angle 0 
from the vertical. 


By analogy with the equation F = ma, the rate at which the 
angular velocity of the pole increases (the rotational analogue 
of acceleration) is proportional to the torque F on the 


pole (the analogue of force) and inversely proportional to the 
moment of inertia J, (the analogue of mass). As there is only 
one point mass, the torque about the support has magnitude 


T = Img x sin(180° — @) 


lmg sin 0 


and I = m? 


rate of increase of the 
angular speed 
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dE e 
moment of inertia +- 


oc f= 


It follows from this equation that a long pole gives the person 
attempting to balance it a longer time to move his finger and 
restore the pole to the vertical. 


Although this analysis is in terms of a simplified system, it 
reveals the principles of the solution appropriate to more 
realistic systems. 


TV6 Painting potentials 


Presenters: Steve Swithenby and Shelagh Ross 


Study comment This programme highlights some of the 
most important parts of Unit 6, particularly Sections 3.1, 
4.3 and 5.2. You should be able to follow the programme 
without a prior understanding of these Sections, but it would 
be helpful to have read at least as far as the end of Section 3 
before viewing. 


The first quantitative discussion in the programme is of a 
spring connected to a puck which rests on a flat frictionless 
table (Figure 1a). The other end of the spring is fixed, and built 
into the spring there is a strain gauge, an electronic device that 
measures the tension in the spring and hence the force on the 
puck. The variation of this force with the extension of the 
spring and the corresponding potential energy graph are in 
Figures 1b and 1c. The graphs are related as follows; 
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Figure 1 (a) The puck-spring system. (b) The x-component F, 
of the force F on the puck plotted against the magnitude of the 
extension of the spring x. (c) The potential energy of the puck- 
spring system. (d) The force needed to maintain the spring 
extended. The shaded area is the energy transferred to the system 
by the force in extending the spring from x, to x3. 
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The area referred to in equation 2 appears below the x-axis 
because the force plotted in Figure 1b is not that used to 
extend the spring but the restoring force exerted by the spring. 
To extend the spring, increasing its energy, an equal but 
opposite force (Figure 1d) would have to be applied. The 


potential 
energy contour 


Figure 2 The potential energy map for the three-spring system. 


Figure 3. (a) The potential map for three point charges of 8 C, 3 C 
and —4C in the positions indicates. (b) The corresponding electric 
field diagram. 
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energy transferred in extending the spring from x, to x, is 
equal to the shaded area in Figure 1d. This area is just the sum 
of a large number of F - As terms as described in Section 3 of 
Unit 3, and, of course, the shaded areas in Figures 1b and 1d 
are identical in area. 


In the programme, the analysis is then extended to a two- 
dimensional puck-spring system. In this case, the total 
potential energy of the system depends on the extensions x,, x, 
and x, of three springs. These individual extensions can be 
calculated from the readings F,, F, and F, of the strain 
gauges in the springs and from them the total potential energy 
of the system can be determined. As the puck is moved around 
on the table this reading changes, and from its variation a 
‘map’ of the total potential energy of the system is constructed. 


Near the centre of the map, there is a minimum in the potential 
energy, and the puck is in stable equilibrium at this point. 
When the puck is placed on a contour line and released, it 
accelerates in a direction perpendicular to the contour, 
indicating that the resultant force on the puck is in the direction 
along which the potential energy is changing most quickly. 
It is evident that the energy map provides information about 
the forces on the puck. 


A computer is then used to generate the potential energy map 
(Figure 3a) for a different system; one consisting of three fixed 
point-charges carrying 8 C, 3 C and —4C units of charge and 
a moveable unit positive test charge. Initially, the charges are 
not visible on the screen but, as the map appears, the positions 
of the charges become evident from the circular symmetry of 
the pattern close to three points. This reflects the form of the 
expression for the electrostatic potential energy of two 
charges q and Q separated by a distance r. 
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Figure 4 Schematic diagrams of (a) an electrostatic paint spraying 
system, (b) the ‘wrap-around’ effect, and (c) the ‘Faraday’ effect. 
In (b) and (c), field lines indicate the directions in which paint drops 
will be accelerated. 


Close to a given charge the potential energy term due to the 
interaction between it and the test charge dominates the total 
potential energy because of the 1/r dependence of equation 3. 
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Figure 5 (a) A van de Graaff generator. During operation, the 
metal ‘sphere’ at the top acquires an electrostatic charge. The details 
of the charging process are not explained in the course but rely on 
the shaping of electric fields by points, which is discussed in TV 7. 
(b) The electric field pattern appropriate to a charged rod and 
oppositely charged ring. 


In discussing electrostatic systems, physicists often use the 
concepts of electric potential V and field & instead of potential 
energy and force. These are defined by the equations 


1 1 
&(r)=—F, and V=—-E, (4) 
q q 
and related by the set of equations 
dV dV dV 
x = é =e é, oa Se (5) 


~ dx 7 dy 


The potential map for the computer’s system of charges is 
identical in shape to the potential energy map. The corre- 
sponding electric field diagram is shown in Figure 3b; note that 
the electric field lines are always perpendicular to the equi- 
potential lines. 


The programme ends with an example of the exploitation of 
electrostatics in paint-spraying. As it leaves the nozzle of a 
spray gun, paint is charged (Figure 4a). The charged paint 
induces an opposite charge on the part to be painted, which is 
electrically connected to earth, and so the paint is attracted to 
the part. 


Two subtleties associated with the process, the so-called 
‘wrap-around’ and ‘Faraday’ effects are noted (Figures 4b and 
4c). The ‘wrap-around’ effect is aptly named: it describes the 
tendency of the paint to coat not only the front but also the 
rear of the work-piece. The ‘Faraday’ effect is the term used to 
describe the exclusion of the paint from sharply concave sur- 
faces such as inside corners. The name is derived from the 
phenomenon of Faraday shielding, the exclusion of electric 
fields from inside conductors, which you will observe in a 
Home Experiment in Section 6.1. The ‘wrap-around’ and 
‘Faraday effects occur because the charged paint drops are 
accelerated along, and thus tend to move along, the field lines. 


In the programme, the pattern of field lines around a two 
dimensional analogue of the paint spraying system is demon- 
strated with the aid of a van de Graaff generator and a sus- 
pension of lycopodium pollen in oil (Figure 5). This demon- 
stration confirms the explanation of the ‘wrap-around’ effect. 


SAQ 1 Write down an expression for the potential energy of 
the one-dimensional mass—spring system in terms of the strain 
gauge reading F and the spring constant k of the spring. 


SAQ 2 Figure 6 is an equipotential map of a certain region. 
At which position will a +2 coulomb point charge experience 
a force of 5N directed along the positive direction of the 
x-axis? The potential in volts is marked on each equipotential. 


Figure 6 


19 


SAQ answers and comments 


SAQ 1 4F’/k. The potential energy of the system is Epot = 
+kx? where x is the spring’s extension. The strain gauge reading 
F is the magnitude of the restoring force F = —kx and there- 
fore is equal to kx. Substituting for x into the expression for the 
potential energy produces Epot = 3k(F/k)? = 4F?/k. 


The electronics, which are used in the programme with the 
strain gauge, squares its reading and scales the result by the 
factor 3k to give a continuous measure of the potential energy. 


SAQ 2 The point with x =20m and y= 15m. To 
experience the required force, the point charge must be at a 
position where the electric field has components &, = F,/q = 
5 N/2C = 2.5 N'C='and é, = &, = 0. If the x-component of 
the electric field is 2.5 NC~! or equivalently 2.5 V m~t}, the 
potential gradient dV/dx = — é, = —25Vm~'. At the 
position where x = 20 m and y = 15 m the potential changes 
in the x-direction by — 10 volts in 4 m, i.e. by —2.5 V m™!. 


TV7 Lightning does strike twice 


Presenters: Shelagh Ross and Steve Swithenby 


Study comment This programme accompanies Unit 7 but 
relates more closely to Unit 6 material. It is important that 
you have finished your study of Unit 6 before viewing the 
programme, but it is not necessary to have read Unit 7. 


In the introduction to the programme, we explain that the 
electrostatic basis of lightning was only recognized in the mid- 
eighteenth century when Franklin and his contemporaries 
detected the presence of charge in thunderclouds (Figure 1). 


It is now known that a fully developed thundercloud con- 
stitutes an electric dipole with a predominantly negatively 


Figure 1 An engraving from John Cuthbertson’s Practical Elec- 
tricity and Galvanism, London, 1807. The kite acts as a pointed 
object of great height. The author describes the shock received at H 
during cloudy but not thunderstorm conditions as being similar 
to'that from a fully charged Leyden jar. Franklin’s similar experi- 
ments performed during thunderstorms were, of course, much more 
dangerous because of the larger electric fields involved but he did 
succeed in demonstrating that thunderclouds are charged. 
(Engraving from Ann Ronan Picture Library.) 
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charged base and a positively charged top (Figure 2). Research 
is still going on into the mechanisms by which the charge 
separation takes place: one possibility is described in the 
programme. In Figure 2, a small pocket of positive charge is 
indicated within the lowest part of the cloud. This region 
has been found in several studies and may be crucial in the 
initial stages of lightning, but its presence is ignored in the 
programme. 


The thundercloud, being charged, produces an electric field at 
the ground beneath and near it. This field can be used to detect 
the imminence of lightning activity. The feasibility of this 
suggestion is shown by a record of the electric field at a site in 
North Wales during a period in which heavy clouds were 
overhead. 


But, are the electric fields produced by the charge separation in 
thunderclouds sufficient to explain lightning? A van de Graaff 
generator and a parallel plate electrode system (Figure 3) are 
used to measure the electric field magnitude at which air will 
break down (producing sparks). The field measurement is 
indirect: the lower plate is placed on a balance that records the 
weight of the plate minus the force of attraction between the 
plates. Appropriate electronics eliminates the effect of the 
plate’s weight and provides a signal proportional to the 
magnitude of the force of attraction and therefore to the square 
of the magnitude of the electric field between the plates. If you 
wish, you can prove this relationship by going through SAQ 2. 


Our measurement indicates that the uniform field necessary to 
cause breakdown is 30 kV cm~', a value far greater than the 
1 kV cm! measured in thunderclouds. We investigate the 
possibility that the presence of water drops in the cloud might 


90°C 
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Figure 2 A schematic diagram of the charge distribution in a fully 
developed thundercloud. This typical cloud is 12 km deep and there 
is a 90°C temperature difference between top and bottom. 


Figure 3 The arrangement used to measure the magnitude of the 
uniform electric field at which air breaks down. 


initiate breakdown. In a low voltage experiment using Home 
Kit apparatus, an enhancement of the local electric field is 
observed near to a conducting disc, the two dimensional 
analogue of a spherical conducting water drop. But when 
placed in an electric field, it is seen that a water drop loses its 
spherical shape—it distorts (Figure 4). This occurs because it 
is energetically favourable for the drop to elongate, allowing 
the charges induced in the drop to move in the electric field, 
reducing the system’s electrostatic energy. The induced 
charges concentrate in the tip of the drop because this is the 
most energetically favourable position, and the electric field 
at the tip is greatly enhanced. Sparks appear from the tip of the 
water drop even when the applied field is small, and this is 
taken as justifying the hypothesis that the presence of pointed 
conducting objects in the thundercloud could lead to localized 
breakdown. 


charges drawn into 
the up of the drop 


bottom plate 


Figure4 Inan electric field, the water drop distorts. Because of the 
induced charges in its tip, the local electric field near its tip is 
greatly enhanced. 


Next in the programme, the general problem of conduc- 
tion in a gas is discussed. It is shown that the current pro- 
duced by an imposed electric field is only significant if electrons 
freed from atoms by, for example, cosmic rays are sufficiently 
accelerated by the field so that, when they collide with other 
atoms, they free additional electrons (Figure 5). This leads 
to an avalanche of electrons and the formation of a conducting 
region, which can be self-perpetuating as a conducting 
filament known as a streamer. 
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Figure 5 


Conduction in a gas necessarily involves accelerating electrons 
and these produce radio-waves. By a technique similar to 
radioastronomy, the direction from which the most intense 
radio-waves from a cloud are coming can be measured. This is 
indicated by a dot on the screen (Figure 6). In the example in 
the programme, the horizon is just above the bottom of the 
screen, and the direction measurement is made and the dot 
relocated every 2.5 us. During the lightning flash, the dot 
moves down to the ground (the bottom of the screen) and back 
very quickly a number of times, emphasizing both the brevity 
of the flash and the complicated nature of the breakdown 
involved in lightning. 
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Figure6 Each dot indicates a measurement of the direction from 
which the most intense radio waves are coming from within a 
thundercloud. The field of view of the frame is 90° horizontally 
by 70° vertically, and the horizon is near the bottom of the picture. 


The detail of the time evolution of a typical lightning flash is 
then described (Figure 7). A single flash has several different 
stages; stepped leader, return stroke, dart leader, return 
stroke, etc. It is the return stroke that is visible as the lightning 
flash, and it is the rapid heating of the air (see Figure 1 in 
the coloured sheet accompanying these notes) when a 
large current flows through the lightning channel during the 
return stroke that produces the shock wave known as thunder. 
Some characteristic data for lightning are listed in Table 1. 


Table 1 Some characteristics of lightning 


Length of each step in stepped leader ~50m 
Average current during return stroke ~10*A 
Number of strokes per flash ~3-4 
Total charge transferred in flash ~30C 
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Figure 7 A schematic diagram of the luminous features of a lightning flash against elapsed time during the flash. 


The propagation of lightning is believed to be through a 
streamer-based process, but more research is needed to 
clarify the details of the problem. 


The programme ends with a discussion of how to avoid being 
struck by lightning. When the leader stroke is close to the 
ground, the electric field between the leader and the ground is 
so intense that upward streamers tend to start from the ground, 
particularly from exposed points where the field is further 
enhanced. The path of the return stroke is along such upward 
streamers and so you minimize the chance of being struck by 
lightning by ensuring that you are not in contact with an 
exposed structure in a flat landscape. 


SAQ 1 What is the magnitude of the electric field at the 
surface of a uniformly charged sphere containing 40 C of 
charge and having a radius of 2 km? By analogy with gravita- 
tional problems, you should treat all the charge as if it were at 
the centre of the sphere. Give your answer in units of kV cm~ 1. 


SAQ 2 Two parallel plates have a capacitance C and are 
separated by a distance d. Between the plates there is a uniform 
electric field of magnitude £. 


(a) Write down an expression in terms of & and d for the 
magnitude V of the potential difference between the plates. 


(b) Write down an expression for the charge Q on each plate 
in terms of &, d and C. 


(c) Write down an expression for the magnitude F of the 
force of attraction between the plates. In doing so, you will 
show that the change in reading of the balance in the pro- 
gramme is proportional to the square of the magnitude of the 
electric field between the plates. 


(d) Calculate F given that C = 1071! F, d = 1 cm and 
€ = 30kVcm-. 


SAQ 3 (a) During one lightning flash, a total charge of 
25C is transferred between the ground and the cloud. 
Calculate the total energy dissipated during the flash given 
that the potential difference between the cloud and the ground 
was 108 V. 


(b) The flash is conducted down a lightning conductor 
consisting of a copper wire with resistance 5 x 107? Q. 10° J 


of energy is required to heat the wire by 1 °C. Given that, during 
the flash, the return stroke consists of a 10* A current flowing 
for 10° * s, calculate the temperature rise in the wire attribut- 
able to the current in the wire during the return stroke. 


SAQ answers and comments 


SAQ 1 1kVcm~!.Acharge q at a distance r froma charge 


Q experiences an electrostatic force F., of magnitude 


qQ/4néor?. The electric field magnitude & is F.,/q and 
therefore the field at the surface of the sphere is 


Q 9x 10°Nm?C-? x 40C 
(2 x 103m)? 


= 9 x 102N Ga — 9 se102V. ma! 


4négr? 


x 1kVcm™! 


This calculation provides an order of magnitude estimate of the 
electric fields in thunderclouds. 


SAQ 2 (a) V=éd 


(b) O= CV — Ced 

(c) F = Q8 = Cde” 

(d) F= 10"! F x 107? m x G0kVcm~)? 
-I0 LEs O mex (o> lym y 
=0.9N 


SAQ 3 (a) 2.5 x 10° J. The energy transferred is equal to 
the change in electrostatic potential energy 


ABa- OV = 25C x< 10° volts = 25 xX 10? J 


(b) 0.5 °C. The energy dissipated during the return stroke is 
P RAt = (104 A)? x 5 x 1072 Q x 10°+s=500J. It follows 
that the temperature of the wire will rise by 500/10° °C = 
0.5 °C. The temperature rise during the complete flash would 
be greater than this because of current flowing during the rest 
of the flash, but it is generally true that the temperature rise is 
modest and that the thickness of lightning conductors is 
limited more by mechanical than thermal considerations. 
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TV8 Magnetic confinement 


Presenters: Bob Lambourne and Stuart Freake 


The programme starts by introducing the plasma state. It then 
goes on to point out that because of the electrical repulsion 
between nuclei (which are all positively charged), nuclear 
fusion can only take place in collisions that involve a relatively 
large kinetic energy. This means that if we want the nuclei ina 
gas to fuse together, the temperature of the gas must be very 
high; so high that the gas becomes a plasma. In fact, in order to 
produce a useful amount of energy by thermonuclear fusion in 
a laboratory, it is necessary to produce a fairly dense plasma 
with a temperature of about 10° K, and to hold it together for 
about one second. The problem of controlling a plasma at such 
a temperature—about five times the temperature at the centre 
of the Sun—is called the confinement problem. 


The enormous quantity of plasma that makes up the Sun is 
held together by its own gravitational field, but on Earth 
attempts are being made to use magnetic fields to solve the 
confinement problem. The programme describes three kinds 
of machine used in experiments on the magnetic confinement 
of plasma; 


(a) Linear magnetic bottles—these are basically cylinders 
with magnetic mirrors at each end (Figure 1). 


(b) Stellarators—the majority of these are toroidal and the 
magnetic field is produced by currents flowing in conductors 
situated outside the plasma (Figure 2). 


(c) Tokamaks—these are also toroidal, but the magnetic 
field is partly produced by currents in external conductors, 
and partly by currents flowing through the plasma itself 
(Figure 3). The J.E.T. tokamak is shown as Figure 2 in the 
coloured sheet accompanying these notes. 
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Figure 1 The magnetic field of a linear magnetic bottle. 
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Figure 2 The helical magnetic field of a toroidal stellarator. The 
Figure includes some of the current carrying coils that produce the 
field. 
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Figure 3 The helical magnetic field of a tokamak is produced by adding together the magnetic field due to currents in external coils, and 


the magnetic field due to a current flowing through the plasma itself. 
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